Given the crucial roles for mitochondria in ATP energy supply, Ca 21 handling and cell death, mitochondrial dysfunction has long been suspected to be an important pathogenic feature in Duchenne muscular dystrophy (DMD). Despite this foresight, mitochondrial function in dystrophin-deficient muscles has remained poorly defined and unknown in vivo. Here, we used the mdx mouse model of DMD and non-invasive spectroscopy to determine the impact of dystrophin-deficiency on skeletal muscle mitochondrial localization and oxidative phosphorylation function in vivo. Mdx mitochondria exhibited significant uncoupling of oxidative phosphorylation (reduced P/O) and a reduction in maximal ATP synthesis capacity that together decreased intramuscular ATP levels. Uncoupling was not driven by increased UCP3 or ANT1 expression. Dystrophin was required to maintain subsarcolemmal mitochondria (SSM) pool density, implicating it in the spatial control of mitochondrial localization. Given that nitric oxide-cGMP pathways regulate mitochondria and that sildenafil-mediated phosphodiesterase 5 inhibition ameliorates dystrophic pathology, we tested whether sildenafil's benefits result from decreased mitochondrial dysfunction in mdx mice. Unexpectedly, sildenafil treatment did not affect mitochondrial content or oxidative phosphorylation defects in mdx mice. Rather, PDE5 inhibition decreased resting levels of ATP, phosphocreatine and myoglobin, suggesting that sildenafil improves dystrophic pathology through other mechanisms. Overall, these data indicate that dystrophin-deficiency disrupts SSM localization, promotes mitochondrial inefficiency and restricts maximal mitochondrial ATP-generating capacity. Together these defects decrease intramuscular ATP and the ability of mdx muscle mitochondria to meet ATP demand. These findings further understanding of how mitochondrial bioenergetic dysfunction contributes to disease pathogenesis in dystrophin-deficient skeletal muscle in vivo.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is the most common muscular dystrophy caused by mutations in the dystrophin gene (1) . DMD is characterized by progressive muscle wasting and weakness, culminating in respiratory or cardiac failure. At the cellular level, the loss of dystrophin initiates a complex series of pathophysiological changes that drive skeletal muscle cell weakness, atrophy and death. Most prominent is abnormal Ca 2+ influx and handling that is thought to activate proteases and cause mitochondrial Ca 2+ overload and dysfunction (2 -4) . Despite a potentially important role for mitochondria in this pathogenic cascade, the impact of dystrophin deficiency on fundamental aspects of mitochondrial biology remains incompletely understood.
Mitochondria are pivotal players in skeletal muscle energetics due to their well-known ability to synthesize ATP by oxidative phosphorylation. However, they are also crucial players * To whom correspondence should be addressed at: Department of Molecular and Cellular Pharmacology (R-189), University of Miami Miller School of Medicine, PO Box 016189, Miami, FL 33101, USA. Tel: +1 3052437303; Email: j.percival@med.miami.edu in muscle cell signaling due to their regulation of intramuscular Ca 2+ and cell death. Skeletal muscle contains two spatially and functionally distinct mitochondrial populations: the subsarcolemmal mitochondria (SSM) and the intermyofibrillar mitochondria (IFM). SSM reside beneath the sarcolemma and comprise 10-15% of total muscle mitochondria (5) . IFM localize to the I band and intermyofibrillar space, make up the vast majority of mitochondria and provide most of the ATP required for muscle contraction (6) . The impact of dystrophin deficiency on SSM and IFM is unknown.
Recently, insights into aberrant mitochondrial function in muscular dystrophy have come from studies of their role in Ca 2+ handling and necrotic cell death. In dystrophic muscle, mitochondrial dysfunction is thought to result from Ca 2+ overload that can lead to: (i) prolonged mitochondrial permeability transition pore (PTP) opening and (ii) inhibition of mitochondrial ATP synthesis, which together drive cell death. Excessive PTP opening leading to mitochondria-dependent cell necrosis was observed in dystrophin-deficient muscle and was thought to be an important cause of muscle cell death (3, 7, 8) . Also, there is limited evidence supporting defective mitochondrial oxidative phosphorylation function. In vitro studies of permeabilized quadricep fibers from one (9) and three (10) DMD patient biopsies showed an 2-fold reduction in maximal mitochondrial respiration. A similar reduction in maximal mitochondrial respiration was also reported by Kuznetsov et al. (9) in the quadriceps muscles from the mdx mouse model of DMD. These two studies (with the caveat of small sample size) suggest a reduction in mitochondrial oxidative phosphorylation capacity in DMD consistent with the Ca 2+ overload.
Although these studies suggest a reduced maximal ATP synthesis capacity of the mitochondria in DMD, they were performed in vitro under optimal conditions permitting full mitochondrial enzyme activation. However, it remains unclear whether these in vitro results translate to significant effects on mitochondrial and muscle energetics under the suboptimal metabolic conditions present in vivo. In addition, mitochondrial function reflects the totality of interactions of the organelle with its intracellular signaling ('regulatory') environment. These mitochondria-environment interactions are lost in in vitro studies by permeabilization. Thus, in vitro studies largely reflect inherent ('structural') changes to the mitochondria themselves and do not necessarily reflect alterations in the cell signaling ('regulatory') environment impacting mitochondrion function. An advantage of in vivo measurements of mitochondrial function, such as those used in the present study, is that they reflect both structural and regulatory influences on the mitochondrial ATP synthesis. This is particularly advantageous to analyses of the impact of therapeutics that may indirectly modulate mitochondria function. Thus, in vivo approaches provide additional unique and potentially complimentary insights into mitochondrial dysfunction.
Targeting mitochondrial dysfunction shows promise for alleviating disease burden in muscular dystrophy. Increased mitochondrial biogenesis, or the generation of new mitochondria from existing ones, has been shown to reduce dystrophic muscle pathology (11, 12) . In addition, mdx mice treated with the cyclophilin inhibitor Debio 025 exhibited normal mPTP opening, enhanced mitochondrial resistance to Ca 2+ overload and decreased muscle necrosis (3, 7) . Phase II clinical studies demonstrated that idebenone, an antioxidant thought to enhance mitochondrial electron transport, significantly reduced respiratory muscle dysfunction in DMD patients, the primary cause of mortality in DMD (13) . These data provide compelling evidence that mitochondria represent an important drug target for muscular dystrophy. Better defining mitochondrial dysfunction will assist in the identification of new therapeutic targets for the treatment of DMD.
One pathway that has emerged as an important therapeutic target in DMD is the neuronal nitric oxide synthase-cyclic guanosine monophosphate (nNOS-cGMP) signaling axis, which is disrupted by the absence of dystrophin. Dystrophin deficiency prevents normal expression and localization of nNOSm, a source of nitric oxide (NO) in skeletal muscle (14, 15) . An important function of nNOS-derived NO is to stimulate soluble guanylyl cyclase to synthesize cGMP, which in turn activates downstream effectors including protein kinase G (PKG). Defective nNOSm signaling and concomitant decreases in cGMP promote skeletal muscle weakness, vascular dysfunction and impaired exercise performance in mdx mice (16 -19) . In preclinical studies, the use of phosphodiesterase 5 (PDE5) inhibitors sildenafil (Viagraw) and tadalafil (Cialisw) to inhibit cGMP breakdown, and thus amplify NO-cGMP signaling, substantially reduces dystrophic pathology in mdx mice (16, 17, 19, (20) (21) (22) . Thus, PDE5 inhibitor-mediated amplification of NO-cGMP signaling shows promise as a novel treatment option for muscular dystrophy.
While PDE5 inhibition reduces dystrophin-deficient muscle dysfunction, the molecular mechanisms responsible remain unclear. Elucidating these mechanisms is important for understanding and refining the potential therapeutic utility of PDE5 inhibitors. Although PDE5 inhibitors are potent vasodilators, such that their benefits likely result in part from improved muscle perfusion, they may also impact mitochondrial pathways (8, 21, 23) . Indeed, NO-cGMP signaling pathways can drive mitochondrial biogenesis and regulate both mitochondrial fission and respiratory function (24) (25) (26) . Therefore, sildenafil-mediated increases in cGMP may increase mdx skeletal muscle mitochondrial content. An additional 'mitoprotective' activity of sildenafil may be increased PKG-mediated inactivation of glycogen synthase kinase 3b. GSK3b inactivation promotes normal PTP function (23, 27) . Similarly, sildenafil-mediated cardioprotection in dystrophin-deficient mdx hearts is also accompanied by increased GSK3b inactivation, attenuation of mitochondrial Ca 2+ uptake and normalized PTP opening which may promote mitochondrial ATP synthesis (8, 21) . Taken together, these data suggest the possibility that sildenafil may benefit dystrophin-deficient muscle by increasing mitochondrial biogenesis and ATP synthesis.
To better understand the role of mitochondria in dystrophic pathogenesis and the mechanisms by which sildenafil enhances dystrophin-deficient muscle function, we used electron microscopy and non-invasive 31 P magnetic resonance spectroscopy (MRS)/optical spectroscopy (OS) to answer two questions. First, does the absence of dystrophin negatively impact mitochondrial localization, content and ATP synthesis function in vivo. Second, do the protective effects of sildenafil result from enhanced mitochondrial biogenesis and oxidative phosphorylation function in vivo.
RESULTS

Dystrophin is required to maintain normal SSM pool density
Initially, we focused on the impact of dystrophin deficiency on the SSM and IFM pools. We hypothesized that the absence of dystrophin may preferentially disrupt the SSM pool, since dystrophin is necessary for organelle localization to the subsarcolemmal space (28) . Transmission electron microscopy was used to analyze SSM and IFM localization in the tibialis anterior muscles of wild-type, untreated and sildenafil-treated mdx mice. Ultrastructural analysis of wild-type skeletal muscle revealed high SSM concentrations beneath the sarcolemma (Fig. 1A and D) . To gain a quantitative understanding of SSM density, we determined the number of mitochondria per micron length of sarcolemma (Fig. 1G ). Wild-type muscles averaged 3 SSM per micron of sarcolemma (Fig. 1G) . In contrast, the numbers of SSM were substantially decreased in mdx skeletal muscle ( Fig. 1B and E) . The absence of dystrophin significantly reduced SSM density by 39% (P , 0.01) compared with wild-type controls (Fig. 1G) . Note also that while SSM from dystrophin-deficient muscle appeared slightly smaller than controls, the difference in size was not statistically significant (compare Fig. 1D and E; wildtype: 0.45 + 0.05 mm 2 ; mdx: 0.38 + 0.05 mm 2 , n ¼ 4 for both groups). Fourteen weeks of chronic sildenafil-mediated PDE5 inhibition had no overt impact on SSM localization or morphology in mdx muscle ( Fig. 1C and F compared with B and E, respectively). Sildenafil-treated mdx muscles also had a similar SSM density as mdx controls, suggesting that PDE5-regulated cGMP does not regulate SSM localization or number (Fig. 1G) . Taken together, these data suggest that dystrophin is necessary for the strict spatial control of SSM localization.
The absence of dystrophin did not have the same impact on IFM (Fig. 2) . Ultrastructural analyses of wild-type muscle showed that IFM exhibited a stereotypical localization to the I band ( Fig. 2A, arrowheads) and formed long trains in the intermyofibrillar space (Fig. 2B, arrowheads) . However, IFM were not localized as frequently to the I band in mdx muscle, even in regions where sarcomere integrity was largely preserved (Fig. 2C) . IFM often accumulated near sites of necrotic muscle breakdown, which were easily distinguished by sarcomere disruption (Fig. 2D, arrowhead) or myofibril loss (Fig. 2E, arrowhead) . In addition, large numbers of IFM accumulated between the centrally localized nuclei of regenerating mdx fibers ( Fig. 3A and B) which parallel the accumulation of the Golgi complex organelle at this site (28) . To quantitate changes in IFM content in mdx skeletal muscle, we used stereological methodologies to determine IFM volume density (Vv, volume of mitochondria per volume of muscle fiber). In contrast to the SSM pool, mdx IFM volume density was increased, but not significantly, relative to wild-type controls (Fig. 2H) . Taken together, these findings highlight a redistribution of IFM in necrotic and regenerating mdx muscle cells. Ultrastructural analyses also showed that chronic sildenafil treatment did not prevent aberrant IFM localization either in regions with reasonably preserved (Fig. 2F) or poor (Fig. 2G) sarcomere organization. As with the SSM, sildenafil treatment had no significant impact on IFM densities in mdx muscle (Fig. 2H) . Therefore, increases in the pool of cGMP regulated by PDE5 are not sufficient to increase mitochondrial density in dystrophindeficient skeletal muscle.
Stereological analysis of mitochondrial volume density was supported by biochemical analysis of mitochondrial marker voltage-dependent anion channel 1 (VDAC1) protein expression (Fig. 4A ). In agreement with IFM volume density, analysis of VDAC1 expression revealed that total mitochondrial content in untreated mdx skeletal muscle, although increased, was not significantly different from wild-type controls (Fig. 4A) . Note that the changes in VDAC1 expression largely reflect changes in the IFM pool since IFM account for 90% of total mitochondrial content; therefore, the changes in IFM number masked the decrease in the smaller SSM pool. Similarly, sildenafil treatment had no impact on VDAC1 expression (Fig. 4A ). In summary, these ultrastructural and biochemical analyses suggest a significant decrease in the SSM pool without significant compensatory IFM mitochondrial biogenesis. Importantly, these findings suggest that dystrophin is required for normal mitochondrial localization and is necessary for maintaining the density of mitochondria in the subsarcolemmal space.
Dystrophin deficiency promotes uncoupling of mitochondrial oxidative phosphorylation
We then focused on determining the functional properties of mitochondria in untreated and sildenafil-treated dystrophindeficient skeletal muscle in vivo. It is well established that mitochondrial ATP synthesis depends on normal respiratory chain function (29) . The respiratory chain, also known as the oxidative phosphorylation system, comprises five multimeric enzyme complexes (complexes I-IV) and the ATP synthase complex (complex V) that together coordinate electron transfer with the establishment of proton gradients to generate ATP. Mitochondrial respiratory chain defects can cause skeletal muscle weakness and exercise intolerance, two hallmark pathological features of DMD and mdx mice; suggesting the possibility of respiratory chain abnormalities in mdx muscle (29) .
We determined the relative expression levels of complex I through V using antibodies to specific protein subunits of each complex ( Fig. 4B -F ). Complex I, II, IV and V expression levels were not significantly changed in untreated or sildenafil-treated mdx mice (Fig. 4B , C, E, F). In contrast, the ubquinol cytochrome C reductase subunit 2 (UQCRC2) of complex III was increased nearly 2-fold (P , 0.01) in mdx muscle compared with wild-type, but unaffected by sildenafil treatment (Fig. 4D ). These data suggest either an increase in complex III content or a change in complex III subunit composition in mitochondria from mdx muscle and mark a previously unrecognized abnormality in mitochondrial respiratory chain organization in dystrophin-deficient skeletal muscle.
The disruption of mitochondrial subcellular distribution and perturbation of respiratory chain complex expression suggested that mitochondrial function may be impaired in mdx skeletal muscle in vivo. To determine mitochondrial oxidative phosphorylation function in vivo, we used a unique combination of non-invasive 31 P MRS and OS (30, 31) . We measured two key functional properties of mitochondria in vivo: (i) the degree of coupling of ATP synthesis to O 2 consumption (P/O ratio) and (ii) the maximal rate of ATP synthesis (ATP max ) (31) . Moderate uncoupling (low P/O ratio) indicates mitochondrial inefficiency where increased oxygen consumption is required to make ATP. Uncoupling is a characteristic of aged or oxidatively stressed skeletal muscle (31) (32) (33) . ATP max is a measure of maximal mitochondrial ATP production and reflects the ability of skeletal muscle mitochondria to meet ATP demand.
The degree of in vivo mitochondrial uncoupling and maximal ATP production capacity was determined from changes in hindlimb phosphocreatine (PCr) and oxygen concentrations in anesthetized mice during a mild ischemiarecovery protocol. The method is outlined schematically in Figure 5A . PCr buffers cellular ATP levels through the creatine kinase reaction, so the decline in PCr during early ischemia can be used to determine the rate of mitochondrial ATP production under steady state normoxic conditions (30,34, Fig. 5A ). ATP max was determined from the maximal rate of PCr restoration during the recovery phase. A series of 31 P MRS spectra were sequentially captured during ischemia and recovery periods and used to measure PCr concentration ( Fig. 5B and D) . Rates of mitochondrial oxygen consumption were calculated from the initial rates of hemoglobin (Hb) and myoglobin (Mb) oxygen desaturation determined from optical spectra collected at the same time as 31 P MRS spectra during ischemia ( Fig. 5C and E) (35) . The rate of Figure 1 . Dystrophin-deficiency reduces SSM density. Transmission electron microscopy micrographs of the SSM pool in tibialis anterior skeletal muscles from wild-type (A), dystrophin-deficient mdx (B) and sildenafil treated mdx mice (C). (D), (E) and (F) represent magnified regions within (A), (B) and (C), respectively. SSM densities (number of mitochondria per micron length of sarcolemma) were determined from transmission electron micrographs (G). In wild-type skeletal muscle, SSM were heavily concentrated along the subsarcolemmal space and averaged 3 SSM per micron of sarcolemma (A, D, G). SSM density was significantly reduced (P , 0.01) in both untreated mdx (B, E, G) and sildenafil-treated mdx (C, F, G) skeletal muscle compared with wild-type controls. Chronic PDE5 inhibition had no impact on SSM density in mdx muscle (C, F, G). In (A), N indicates a nucleus. S marks the sarcolemma. White asterisks ( * ) mark individual mitochondria. Number of mice per group: wild-type (6), mdx (5), mdx + sildenafil (5). Scale bars, 2 mm.
oxygen consumption was calculated during the initial period of ischemia (where Mb oxygen saturation .50%) before oxygen becomes limiting to respiration (36) .
Mean PCr concentrations during the rest, ischemia and recovery periods in wild-type, untreated mdx mice and sildenafil-treated mdx mice are shown in Figure 5D . Resting Figure 2 . Aberrant IFM localization in dystrophin-deficient skeletal muscle. Transmission electron microscopy micrographs of the IFM pool in tibialis anterior skeletal muscles from wild-type (A and B), dystrophin-deficient mdx (C-E) and sildenafil-treated mdx (F and G). IFM volume density (the volume of mitochondria per volume of muscle fiber) was determined stereologically using the grid point counting method (H). In wild-type skeletal muscle, IFM localize to the I band on either side of the z disk (A, arrowheads) and can be found in long trains between myofibrils (B, arrowheads). In contrast, in dystrophin-deficient skeletal muscle, IFM do not show as tight localization to the I band, even in regions where sarcomere organization is largely preserved (C). IFM also accumulate at sites of focal muscle necrosis where sarcomere filament organization is lost (D, arrowhead) or at large intermyofibrillar gaps that presumably result from myofibril loss (E, arrowhead). Chronic sildenafil treatment did not impact IFM distribution in regions of preserved sarcomere organization (F) or muscle breakdown (G). IFM volume density in dystrophin-deficient muscle did not differ significantly from controls and was unaffected by sildenafil treatment (H). Number of mice per group: wild-type (6), mdx (5), mdx + sildenafil (5). Scale bars represent 1 mm. PCr levels were not significantly different between wild-type and mdx skeletal muscle; however, sildenafil treatment significantly decreased resting PCr compared with wild-type and untreated mdx (both P , 0.05) (Fig. 5D ). PCr concentrations in wild-type, mdx and sildenafil-treated mdx muscle were: 33.3 + 1.6, 31.6 + 1.5 and 27.1 + 1.3 mM, respectively. However, the resting rate of mitochondrial ATP synthesis (resting ATPase or P) was not affected in untreated or sildenafil-treated mdx mice relative to wild-type controls (Fig. 6A) .
Although resting mitochondrial ATP synthesis was not significantly different between the three groups, resting mitochondrial O 2 consumption trended higher in both untreated and sildenafil-treated mdx muscle relative to wild-type muscle (Fig. 6B) . Importantly, the amount of ATP produced per O 2 consumed (P/O ¼ 0.5× ATPase/O 2 consumption) was decreased 39% (P , 0.05) in mdx skeletal muscle compared with wild type skeletal muscle (Fig. 6C) . The reduction in the P/O ratio demonstrated a significant uncoupling of mitochondrial oxidative phosphorylation. This meant that mdx mitochondria were consuming more O 2 to make the same amount of ATP as wild-type mitochondria. In addition, PDE5 inhibition by sildenafil did not significantly reduce mdx mitochondria uncoupling in vivo (Fig. 6C ). These data indicate that mitochondria from dystrophin-deficient muscles are functionally inefficient and that mdx mitochondrial inefficiency is not ameliorated by PDE5 inhibition.
We then sought to elucidate the molecular mechanism(s) responsible for mitochondrial uncoupling in mdx skeletal muscle. Uncoupling of O 2 consumption from ATP production results from proton leak across the mitochondrial inner membrane (37) . In skeletal muscle, proton leak is thought to be regulated by the mitochondrial inner membrane proteins adenine nucleotide translocase 1 (ANT1) and uncoupling protein 3 (UCP3) (37) (38) (39) . Therefore, we determined ANT1 and UCP3 protein expression by western immunoblotting (Fig. 7) . Interestingly, UCP3 and ANT1 protein expression in mdx muscle were not significantly different from wild-type controls and were also unaffected by PDE5 inhibition (Fig. 7A  and B, respectively) . These results suggested that uncoupling was not driven by increases in ANT1 and UCP3 protein expression in mdx skeletal muscle and that other mechanisms are responsible for uncoupling. In summary, mdx mitochondria uncoupling occurred independently of changes in ANT1 or UCP3 protein expression.
Mitochondria exhibit reduced maximal ATP synthesis capacity in mdx skeletal muscle
Further evidence of mitochondrial dysfunction in vivo caused by dystrophin-deficiency emerged from analyses of maximal mitochondrial ATP synthesis rates (ATP max ) during the recovery period (Fig. 8A) . ATP max was normalized to mitochondrial volume density (Vv) content to provide a measure of maximal ATP synthesis rate per mitochondrion (Fig. 8A) . In the absence of dystrophin, the ATP max per mitochondrion was significantly decreased by 43% (P , 0.01) relative to wild-type controls. Sildenafil-mediated PDE5 inhibition did not alleviate this attenuated oxidative phosphorylation capacity (Fig. 8A) . ATP max normalized to VDAC1 also showed a similar decrease (data not shown).
Reductions in ATP max may have resulted from restricted O 2 availability during blood reperfusion after ischemia. Indeed, expression of the muscle oxygen storage protein myoglobin was significantly lower in mdx muscle compared with controls and were further decreased by sildenafil treatment, consistent with impaired intramuscular O 2 supply (Fig. 8B) . To evaluate this possibility, we determined the rate of myoglobin reoxygenation during recovery where longer reoxygenation times would indicate a limit on O 2 availability. Although myoglobin reoxygenation times were longer in mdx skeletal muscle, they were not statistically different from wild-type controls (Fig. 8C) . Surprisingly, given the potent vasodilatation resulting from PDE5 inhibition, sildenafil did not significantly impact myoglobin reoxygenation times in mdx muscle (Fig. 8C) . Thus, the decrease in ATP max was unlikely to be a consequence of impaired blood reperfusion and O 2 availability. This finding is also consistent with the observation that sildenafil did not impact ATP max in mdx skeletal muscle. Together, these data indicate that the absence of dystrophin leads to a reduction in the maximal ATP synthesis capacity of skeletal muscle mitochondria in mdx mice. One possible consequence of the restricted ATP generating capacity resulting from decreased mitochondrial coupling and maximal oxidative phosphorylation capacity is a reduction in intramuscular ATP content. As anticipated, ATP concentrations were significantly decreased in dystrophin-deficient muscle (Fig. 9A) . Sildenafil treatment also significantly decreased ATP in mdx hindlimb, indicating a potential concern for the long-term use of sildenafil (Fig. 9A) . Thus, the restriction in mitochondrial ATP synthesizing capacity manifests as a decrease in intramuscular ATP. Importantly, these data suggest that it is highly unlikely that mdx mitochondria are able to effectively meet the ATP energy demands of skeletal muscle thereby promoting muscle cell dysfunction and death.
DISCUSSION
This study provides novel insights into the defects in mitochondrial bioenergetics and their contribution to disease pathogenesis in dystrophin-deficient skeletal muscle. Here, we present the first in vivo evidence of mitochondrial mislocalization and oxidative phosphorylation dysfunction in the skeletal muscles of the mdx mouse model of the DMD. The loss of dystrophin specifically decreased the SSM pool, led to an uncoupling of oxidative phosphorylation and reduced the maximal rate at which mitochondria synthesize ATP. These mitochondrial defects culminated in decreased intramuscular ATP concentrations. These data demonstrate that dystrophindeficiency impairs the strict spatial control of mitochondria Figure 4 . Mitochondrial content and respiratory chain complex composition in untreated and sildenafil-treated mdx skeletal muscle. Relative levels of the mitochondrial marker voltage-dependent anion channel (VDAC1) and the five respiratory chain complexes were determined by western immunoblotting. VDAC1 protein levels were not significantly different between wild-type, untreated mdx and sildenafil-treated mdx skeletal muscles suggesting that total mitochondrial content was unaffected by dystrophin deficiency or treatment (A). Expression of complex I subunit NDUFB8 (B), complex II subunit 30 kDa (C), complex IV subunit I (E) and complex V ATPase synthase a subunit (F) were not significantly affected by dystrophin deficiency or sildenafil treatment. In contrast, the ubiquinol cytochrome C reductase subunit II of complex III was significantly increased in mdx muscle suggesting an increase in mitochondrial complex III respiratory complex content or altered CIII subunit composition (D). Number of mice per group: wild-type (8), mdx (6), and mdx+ sildenafil (8).
localization and restricts global mitochondrial ATP generating capacity that together serve to diminish ATP availability and promote skeletal muscle cell death, a hallmark pathological feature of the dystrophic phenotype.
These findings are consistent with recent reports that mitochondria may be useful targets for ameliorating muscular dystrophy (3,7,11 -13) . Given that NO-cGMP pathways regulate mitochondria biogenesis and function and that sildenafil may Figure 5 . Phosphocreatine and oxygen fluxes in wild-type, untreated and sildenafil-treated mdx skeletal muscle. Schematic representation of the mild ischemia-recovery protocol used to measure mitochondrial oxidative phosphorylation function in vivo (A). Decreases in phosphocreatine (PCr) and O 2 concentration were determined during mild hindlimb ischemia and used to calculate resting ATPase rates (P), a measure of resting mitochondria ATP synthesis, resting mitochondrial O 2 consumption (O) and P/O coupling ratio. During muscle recovery and the resupply of O 2 for oxidative phosphorylation, the rate of PCr recovery was used to calculate the maximal ATP synthesis rate (ATP max ) (B). Representative 31 P spectra showing a decrease in PCr and proportional increase in inorganic phosphate (Pi) at the end of ischemia. ATP levels remain essentially constant since they are buffered by PCr (C). Representative optical spectra at rest of oxygenated hemoglobin (Hb) and myoglobin (Mb) and after ischemia of oxygen-desaturated Hb and Mb. These spectra were used to calculate muscle O 2 concentration. Mean changes in PCr levels during ischemia-reperfusion in wild-type, mdx and sildenafil-treated mdx mice (D). Mean changes in O 2 concentration during ischemia in wild-type, mdx and sildenafil-treated mdx mice (E). Number of mice per group: wild-type (7), mdx (6) and mdx + sildenafil (9). reduce dystrophic mdx muscle pathology in mice by improving mitochondrial Ca 2+ handling and mPTP function, we tested whether sildenafil could also increase mitochondrial content and/or improve ATP synthesis (8,16,17,19 -21) . Surprisingly, after chronically increasing the PDE5-regulated cGMP pool, we found neither an increase in mitochondrial content nor a significant change in ATP synthesis. This contrasts with recent reports that cGMP drives functional mitochondrial biogenesis in normal cells (24, 25) . At present, the reasons for this are unclear; however, there are at least two possible explanations. First, the PDE5-regulated cGMP pool plays no role in mitochondrial biogenesis. Second, the cellular machinery for cGMP-stimulated biogenesis in dystrophindeficient skeletal muscle is defective or insensitive to increased cGMP. It is also worth noting that changes in PTP function may not necessarily accompany improved mitochondrial ATP synthesis capacity (8) . However, chronic sildenafil treatment did lead to a small but significant decrease in intramuscular ATP levels by mechanisms that are presently unclear. This change may not necessarily be deleterious. For example, sildenafil-treated wild-type tibialis anterior muscles exhibit normal specific force output (19) . Overall, our data suggest that the impact of chronic sildenafil treatment on dystrophic skeletal muscle pathology does not result from alleviation of defective mitochondrial distribution or oxidative phosphorylation dysfunction.
While sildenafil had no impact on mitochondria content and ATP synthesis in mdx hindlimb muscle, novel insights were gained into the spatial control of mitochondrial organelle localization in skeletal muscle. The absence of dystrophin had a profound impact on mitochondrial distribution, particularly the SSM. Ultrastructural analyses of mdx skeletal muscle revealed a 39% decrease in SSM density, indicating that dystrophin was required to maintain the localization of the SSM pool. Despite the decrease in SSM pool, total mitochondria content was not significantly altered in dystrophin-deficient skeletal muscle. These data are consistent with reports that cytochrome c oxidase (COX) activity, a biochemical measure of mitochondrial content, was unaffected in both DMD patients and mdx mice (10, 40) . However, Kuznetsov et al. (9) reported that COX activity was substantially reduced in mdx quadriceps muscle homogenates. The reasons for this discrepancy remain unclear.
The decrease in SSM density raises the question as to how the absence of dystrophin leads to the loss of mitochondria from the subsarcolemmal space. It is well established that microtubules play a crucial role in the spatial control of mitochondria in mammalian cells. In skeletal muscle cells, dystrophin is required for the alignment and stabilization of the subsarcolemmal microtubule cytoskeleton, which we have shown is required for normal subsarcolemmal organelle localization (28, 41, 42) . Thus, it is highly likely that the disruption Figure 6 . Dystrophin deficiency leads to uncoupling of mitochondrial oxidative phosphorylation. Resting ATPase activity (P, which reflects resting mitochondria ATP synthesis) was unaffected by the loss of dystrophin (A). Sildenafil had no significant impact on resting ATPase activity (A). Resting mitochondrial O 2 consumption in mdx skeletal muscle was not statistically different from controls and was unaffected by PDE5 inhibition (B). The mitochondrial oxidative phosphorylation coupling ratio (P/O) was significantly decreased in mdx skeletal muscle (C). These data suggest marked mitochondrial ATP synthesis inefficiency in mdx muscle. Sildenafil had no impact on the coupling efficiency of mdx mitochondria. Number of mice per group: wild-type (7), mdx (6) and mdx + sildenafil (7).
of the subsarcolemmal microtubule network impairs the normal scaffolding of mitochondria in the subsarcolemmal space. Taken together, these data suggest an intriguing link between dystrophin-mediated cytoskeletal integrity and cellular energy supply pathways, where dystrophin-deficiency disrupts subsarcolemmal microtubule integrity and the local spatial control of mitochondria.
Since it is well accepted that mitochondria must be positioned properly to perform their cellular roles, SSM pool function may be disproportionately impacted by the absence of dystrophin (43) . Not only do SSM regulate ATP production and Ca 2+ handling, they also participate in the adaptation of muscle to exercise, glucose homeostasis and fat metabolism (5, 44, 45) . In mdx mice, fewer SSM may impair local Ca 2+ handling by reducing dystrophic muscle's ability to buffer excessive Ca 2+ influx. This would lead to further elevations in intracellular Ca
2+
, forming a deleterious feed forward loop or death spiral that promotes further mitochondrial Ca 2+ overload, cellular dysfunction and death (2) . Indeed, aberrant Ca 2+ handling, particularly in the subsarcolemmal space, is thought to be a significant contributor to dystrophic disease pathogenesis and the decrease in SSM suggests a possible contributory mechanism (4, 46) . A functionally defective SSM pool may decrease local ATP availability and impair the activity of sarcolemmal ATP-dependent proteins that regulate Ca 2+ and other ion influx/efflux (2). This would promote further Ca 2+ accumulation, thereby amplifying the death spiral and leading to progressive muscle wasting and weakness. Future studies are required to address the consequences of the disruption of the SSM pool in mdx muscle.
In addition to being aberrantly localized, mdx mitochondria were also functionally impaired. Their ability to produce ATP was highly inefficient due to uncoupling, which drove them to consume larger amounts of O 2 to make the same amount of ATP as wild-type mitochondria. Sustained mitochondrial uncoupling is deleterious to muscle, since it decreases ATP and ATP reserve, which in turn compromises skeletal muscle integrity (47) . Our demonstration of uncoupling is consistent with findings from in vitro experiments on two DMD patient biopsies showing a lower respiratory control index (10) . Together, these data support the idea that mitochondrial uncoupling may be a general and important pathogenic feature of human and murine dystrophin-deficient skeletal muscle.
The uncoupling of oxygen consumption from ATP synthesis is caused by proton leak across the inner mitochondrial membrane that can be regulated by UCP2, UCP3 and ANT1 (37 -39) . Our investigation of mechanisms governing the uncoupling of mdx mitochondria suggests that it was not driven by increased ANT1, UCP2 or UCP3 protein expression. These findings are in partial agreement with gene expression studies of DMD biopsies that reported no change in UCP3 mRNA expression, but a small decrease in ANT1 expression (48, 49) . Also, although gene expression meta-analyses predict a significant role for UCP2 in dystrophic pathogenesis, we could not detect UCP2 expression in wild-type or mdx skeletal muscle homogenates (50). This is not unusual since UCP2 protein is not typically expressed in skeletal muscle (37) . Many factors could account for these discrepancies in ANT1 and UCP2 expression including the well-established imperfect correlation of mRNA and protein expression as well as disease stage and profound differences in disease severity between human and mouse.
One potential alternative mechanism to explain the decreased mitochondria coupling in vivo is the increase in oxidative stress in skeletal muscles of mdx mice (51, 52) . Mild oxidative stress can reduce mitochondrial coupling P/O in mouse skeletal muscle in vivo independently of causing damage to mitochondria (31) . This oxidative stress-induced uncoupling is also independent of UCP3 expression. Therefore, in mdx skeletal muscle, oxidative stress alone may be sufficient to activate an increase in proton leak and concomitant uncoupling.
While the mechanisms causing uncoupling remain to be elucidated, the reprogramming of skeletal muscle mitochondrial coupling has important whole body metabolic consequences. At high coupling efficiencies, ATP is made and calories are stored as fat. At low coupling efficiency, less ATP is produced per O 2 , fat is burned and calories are dissipated as heat. This metabolic inefficiency increases energy expenditure (increased calories and O 2 consumed per ATP synthesized) and metabolic rate, thereby decreasing fat stores (37) . Since skeletal muscle accounts for 40% of body mass, muscle Figure 7 . UCP3 and ANT1 uncoupling protein expression unaffected in mdx skeletal muscle. Relative levels of uncoupling protein 3 (UCP3) and adenine nucleotide translocase type 1 (ANT1) were determined by western immunoblotting. Neither UCP3 (A) nor ANT1 (B) protein levels differed significantly between wild-type, mdx and sildenafil-treated mdx skeletal muscles. Uncoupling of mdx mitochondria occurred independently of changes in UCP3 and ANT1 protein expression. Number of mice per group: wild-type (8), mdx (6) and mdx + sildenafil (8).
mitochondria uncoupling can significantly increase whole body energy expenditure and is being intensively studied for application to the treatment of obesity. Our data predict that skeletal muscle mitochondria uncoupling would make mdx mice resistant to weight gain induced by high fat diets. Indeed, mdx mice fed a moderately high fat diet were recently shown to be resistant to weight gain (53) . While mitochondrial uncoupling represents an important feature of the metabolic reprogramming leading to energetic dysfunction in mdx mice, it is consistent with an important role for uncoupling in preventing obesity and provides a plausible molecular mechanism for the resistance of mdx mice to obesogenic diets. Not only were the mdx mitochondria significantly uncoupled, they exhibited a decreased maximal rate of ATP synthesis (ATP max ). As expected from this degree of mitochondrial dysfunction, ATP levels were significantly reduced. The reduction in ATP max in vivo described here is consistent with previous in vitro studies of DMD patient biopsies and mdx mice showing a significant reduction in maximal state 3 mitochondrial respiration (9, 10) . The decrease in ATP max in vivo may have resulted in part from mitochondrial uncoupling, since mitochondrial inefficiency can reduce the maximal rate of ATP synthesis. Additional potential mechanisms include mitochondrial Ca 2+ overload which can decrease mitochondrial inner membrane enzyme content (9, 10) . We also find evidence of abnormalities in mdx mitochondria protein expression, specifically the UQCRC2 subunit of complex III of the respiratory chain. The significance of increased UQCRC2 expression remains to be determined. Together, these data provide strong evidence of mitochondrial dysfunction in mdx mice and suggest that the reduction in maximal rate of ATP synthesis is a pathogenic characteristic of both human and murine dystrophin deficient skeletal muscle.
In conclusion, given its important roles in ATP energy supply, Ca 2+ handling and necrotic cell death, mitochondria dysfunction has been suspected for decades to be an important pathogenic feature of muscular dystrophy (2) . Despite this foresight, mitochondrial function in dystrophin-deficient muscles has remained relatively poorly defined and unknown in vivo. In the present study, we demonstrate that dystrophin is necessary to maintain the normal localization and oxidative phosphorylation function of mitochondria in vivo. Furthermore, we found that the cytoprotective effects of sildenafil on dystrophin-deficient muscle do not result from improved mitochondrial function. Thus, while sildenafil may promote normal mitochondria Ca 2+ handling and PTP function, these effects appear separable from an impact on ATP synthesis (8) .
MATERIALS AND METHODS
Animal models
All experimental procedures performed on mice were approved by the Institutional Animal Care and Use Committee of the University of Washington. Dystrophin-deficient C57BL/ Figure 8 . Dystrophin deficiency reduces maximal mitochondrial ATP synthesis capacity. The maximum mitochondrial oxidative phosphorylation rate (ATP max ) was determined during muscle recovery and normalized to IFM volume density (A). Normalized ATP max was significantly decreased in dystrophin-deficient skeletal muscle; however, ATP max was not significantly affected by PDE5 inhibition in mdx mice (A). Levels of the muscle oxygen carrier myoglobin in wildtype, mdx and sildenafil-treated mdx skeletal muscle (B). Myoglobin levels were significantly lower in mdx skeletal muscle and were further decreased by chronic sildenafil treatment (B). Mean time (in seconds) for the reoxygenation of myoglobin (C). Although myoglobin reoxygenation times trended longer in mdx muscle, they did not reach statistical significance (C). Sildenafil did not impact myoglobin reoxygenation times in mdx muscle (C). Number of mice per group: wild-type (6), mdx (6) and mdx + sildenafil (5).
10ScSn-Dmd mdx /J (mdx) mice and C57BL/10ScSn/J strain controls were purchased from The Jackson Laboratory. All comparisons are made between age-matched (17-week-old) male mice.
Sildenafil administration
The dosing regimen has been previously described (19) . Briefly, the PDE5 inhibitor sildenafil citrate (Pfizer Inc.) was administered in the drinking water ad libitum (400 mg/l) to wild-type and mdx mice for 14 weeks from 3 weeks of age. Using this approach, the average concentration of circulating sildenafil is 70 + 0.05 nM over a 24 h period (21) .
Quantitation of mitochondrial densities by transmission electron microscopy
Transmission electron microscopy was performed as described previously (14) . Briefly, tibialis anterior skeletal muscle tissue from wild-type, mdx and sildenafil-treated mdx mice was fixed in half-strength Karnovsky's fixative (2.0% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M cacodylate buffer, 3 mM CaCl 2 , pH 7.3), post-fixed for 1 h in 1.0% OsO 4 , and then stained with 2% uranyl acetate. Samples were then rinsed and dehydrated through a graded series of alcohol and propylene oxide. Samples were embedded with Eponate resin and 90-100 nm sections were cut and mounted on 150 mesh rhodium/copper grids and stained with uranyl acetate and lead citrate. Samples were analyzed with a JEM 1200EX II transmission electron microscope and images were acquired with an Olympus-SIS Morada digital camera. SSM densities (the number of mitochondria per micron length of sarcolemma) were determined between 20 and 36 electron micrographs (×10 000 magnification) of randomly selected fields per animal (≥10 images per grid and ≥2 grids per mouse). A subsarcolemmal mitochondrion was defined as one which did not have a myofibril between it and the sarcolemma. All other mitochondria were considered IFM. IFM volume density (the volume of mitochondria per volume of muscle fiber) was determined stereologically using the point counting grid (144 point grid) method (54) . This stereological approach is a well-established quantitative method for determining skeletal muscle mitochondrial content that avoids the potentially confounding contribution of infiltrating cell mitochondria in dystrophic muscle (54) . IFM volume densities were determined between 20 and 26 electron micrographs (×25 000 magnification) of randomly selected fields per animal (≥10 images per grid and ≥2 grids per mouse). For IFM measurements, electron micrographs containing central nuclei were excluded from counts. SSM areas (≥100 per mouse, four mice per group) were measured manually using Image J v1.38 from randomly selected electron micrographs.
Multi-mode MRS and OS
These methods have been described previously (31) . Briefly, mice were anesthetized with an intraperitoneal injection of 0.01 ml/g of 2.5% tribromoethanol (avertin) and the left distal hindlimb was then shaved. Mice were then secured with velcro straps in a custom-built multi-mode probe (for MRS and OS) developed for a 7T vertical bore spectrometer (Varian). The distal hindlimb was centered within a horizontal, solenoid magnetic resonance coil tunable to both 1 H and 31 P. In order to deliver light to the lateral surface of the hindlimb, fiber optic bundles were positioned on either side of the hindlimb and coil. The fiber optic bundles collected light transmitted through the hindlimb, and then delivered this light to a spectrograph coupled to a CCD camera (Princeton Instruments).
After positioning the mouse, the magnetic resonance signal was optimized by shimming the 1 H peak using endogenous tissue water. The optical signal was optimized by adjusting acquisition time (typically 30-60 ms). A high signal to noise 31 P spectrum was acquired under fully relaxed conditions, and then dynamic optical (0.5 s delay) and 31 P spectra (1.5 s interpulse delay) were acquired continuously through periods of rest ( 2 min), ischemia ( 11 min) and recovery ( 7 min). After the first minute of rest, mice breathed 100% O 2 for the remainder of each experiment. Experimental methodology is outlined schematically in Figure 5A .
Multi-mode magnetic resonance and optical spectroscopy data analysis 31 P MR spectra were exponentially multiplied, Fourier transformed and then phase-corrected manually using the Varian VNMR software. Spectra were analyzed with custom-written algorithms in MATLAB (Mathworks, Natick, MA, USA). The methodology used to analyze MR spectra has been described previously (30) . Briefly, during the ischemia reperfusion protocol, PCr and P i peak magnitudes relative to rest were calculated from three summed consecutive dynamic spectra (to improve the signal-to-noise ratio) using the fit-to-standard algorithm. After correcting for variable relaxation, skeletal muscle ATP concentration determined by HPLC analysis was used as an internal reference to calculate absolute PCr concentrations over time.
The methodology used for analyzing optical spectra has been described in detail (30) . Briefly, after taking the second derivative of optical spectra to minimize the influence of Figure 9 . Mitochondrial dysfunction is associated with decreased intramuscular ATP levels. ATP concentrations were determined in wild-type, untreated and sildenafil-treated mdx skeletal muscle (A). ATP levels were significantly reduced in mdx skeletal muscle and further decreased by sildenafil treatment. Number of mice per group: wild-type (7), mdx (6) and mdx + sildenafil (9) .
tissue scattering, we used a partial-least squares routine to determine the O 2 saturations of Hb and Mb throughout dynamic spectral acquisition. The concentrations and well-described O 2 binding kinetics of Hb and Mb were then used to calculate net O 2 flux in the ischemic hindlimb.
The resting rates of mitochondrial ATP production (proportional to endogenous ATPase consumption of ATP) and O 2 consumption were calculated during ischemia from least-squares linear approximations of the decrease in PCr and O 2 , respectively, during the initial phase of ischemia. Using the initial phase of ischemia allows the ATPase and O 2 consumption rates to be determined before the onset of significant glycolytic contribution to PCr synthesis and before O 2 tension becomes rate-limiting to oxidative phosphorylation (36, 55) . The maximum rate of oxidative phosphorylation (ATPmax) was calculated using a least-squares monoexponential approximation of PCr recovery during recovery from ischemia (34) .
Skeletal muscle metabolite quantification
Immediately following in vivo multi-mode spectroscopy, mice were injected with a supplemental and non-lethal dose of avertin. The skeletal muscles of the left distal hindlimb were rapidly dissected and flash frozen in liquid nitrogen. Extensor digitorum longus, gastrocnemius, soleus and tibialis anterior muscles were pooled and pulverized under liquid nitrogen for measurement of high energy phosphate metabolite (ATP) levels as well as hemoglobin (Hb), and myoglobin (Mb) concentrations. Tissue concentrations of ATP and phosphocreatine (PCr), and creatine were determined by HPLC (Waters, Milford, MA, USA) as previously described (31) .
Absolute hemoglobin and myoglobin concentrations were determined from Coomassie-stained gels using standards of known concentration. Pulverized skeletal muscles were combined 1:25 with Cellytic MT lysis buffer containing 0.1% protease inhibitor and homogenized at 48 using a Bullet Blender 24 (Next Advance, Averill Park, NY, USA). The resulting lysate was combined 1:1 with tricine sample buffer containing 350 mM dithiothreitol and incubated for 8 min at 958C. Proteins were separated on 10 -20% gradient gels at 150 V for 2.5 h and then stained overnight in Coomassie Brilliant Blue. After destaining, gels were imaged with the Bio-Rad ChemiDoc imaging system and band intensities were analyzed using the QuantityOne software (Bio-Rad).
Western immunoblotting
The gastrocnemius muscle from right hindlimb right leg was also pulverized in liquid nitrogen and used for western immunoblotting as previously described (31) . VDAC1 was used as a marker of mitochondrial content. VDAC1 and ANT1 rabbit polyclonal antibodies were purchased from Sigma-Aldrich. UCP2 polyclonal antibody was purchased from Millipore. The UCP3 rabbit polyclonal antibody was purchased from Abcam. The MitoProfilew Total OXPHOS Rodent WB Antibody Cocktail was ALOS purchased from Abcam and was used to determine the relative levels of the five mitochondrial respiratory chain complexes. Sample protein concentrations were determined using BCA assay (Pierce) and equal protein loadings were normalized to Ponceau S intensity on nitrocellulose membranes posttransfer.
Statistics
All values are reported as mean + SEM. The numbers of mice analyzed per group are shown in the figure legends. Statistically significant differences between wild-type, mdx and sildenafil-treated mdx groups were determined by one-way ANOVA, followed by the Tukey -Kramer multiple comparison post hoc tests between paired groups. Statistical calculations were performed using the Prism version 4 software (Graphpad Software Inc.). P-values of .0.05 were considered significant.
